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The folding pathway of the cell-cycle regulatory protein p13suc1:
clues for the mechanism of domain swapping
JWH Schymkowitz1,2, F Rousseau1,2, LR Irvine1 and LS Itzhaki1*
Background: The 113-residue α+β protein suc1 is a member of the cyclin-
dependent kinase subunit (cks) family of proteins that are involved in regulation
of the eukaryotic cell cycle. In vitro, suc1 undergoes domain swapping to form a
dimer by the exchange of a C-terminal β strand. We have analysed the folding
pathway of suc1 in order to determine the atomic details of how 
strand-exchange occurs in vitro and thereby obtain clues as to the possible
mechanism and functional role of dimerisation in vivo.
Results: The structures of the rate-determining transition state for the
folding/unfolding of suc1 and of the intermediate that is populated during
refolding were probed using φ values determined for 57 mutants with
substitutions at 43 sites throughout the protein. The majority of φ values are
fractional in the intermediate and transition state, indicating that interactions
build up in a concerted manner during folding. In the transition state, φ values
of greater than 0.5 are clustered around the inner strands β2 and β4 of the
β sheet. This part of the structure constitutes the nucleus for folding according
to a nucleation-condensation mechanism. Molecular dynamics simulations of
unfolding of suc1, performed independently in a blind manner, are in excellent
agreement with experiment (proceeding paper).
Conclusions: Strand β4 is the exchanging strand in the dimer and yet it forms
an integral part of the folding nucleus. This suggests that association is an early
event in the folding reaction of the dimer. Therefore, interchange between the
monomer and dimer must occur via an unfolded state, a process that may be
facilitated in vivo by accessory proteins.
Introduction
Progression through the eukaryotic cell cycle is regulated
by protein phosphorylation, which is performed by the
cyclin-dependent kinase (cdk) family of enzymes. The
cyclin-dependent kinase subunit (cks) proteins bind to
and regulate the activity of the major mitotic cdks (named
variously cdk2, cdc2 and CDC28, according to the organ-
ism) and are essential for cell-cycle progression [1,2]. It is
also likely that they have other, as yet unknown, func-
tions in the cell. Crystal structures of three cks proteins
[3–6] identified two distinct conformation and assembly
states: a globular monomer and a β-strand-exchanged
dimer. Dimerisation is mediated by a hinge mechanism
that is conserved across the family and involves residues
HVPEPH (single-letter amino acid code) which form a
β turn in the monomer and are extended in the dimer. A
crystal structure of human cdk2 in complex with the
human cks protein revealed that cks binds in its
monomeric form, and indicates that dimerisation would
preclude binding because the binding region on cks is
buried in the strand-exchanged form [7]. This suggests
that dimerisation could provide a mode of negative regu-
lation of the cks proteins.
In order to determine the atomic details of how strand
exchange occurs in vitro, and thereby obtain clues as to the
mechanism and functional role of dimerisation in vivo, we
have investigated the folding behaviour of suc1, the cks
protein from fission yeast [8]. The 113-residue protein has
no disulphide cross-links or cis peptidyl-proline bonds and
is therefore an ideal system for studies of folding and
assembly. The structure has an α+β topology that cannot
be divided into subdomains. Wild-type protein unfolds
reversibly at equilibrium in a two-state manner and a
partly folded intermediate state is populated upon refold-
ing [9]. We are currently using protein engineering to
manipulate the different states on the folding pathway
and the dimerisation process. 
In this paper we present a detailed description of the struc-
tures of the folding intermediate and the transition state for
the folding/unfolding of monomeric suc1 analysed using the
protein engineering method (discussed in [10,11]). The
method can provide residue-specific information at almost
atomic resolution. The detailed results obtained for the pro-
teins barnase and chymotrypsin inhibitor 2 (CI2) [12–16]
have been used to benchmark computer simulations of
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protein folding and unfolding [17–25], and the method has
since been applied to a number of proteins [26–32]. Molec-
ular dynamics simulations of unfolding were carried out
independently in a blind manner and are described in the
proceeding paper [33]. The results obtained here for suc1
are consistent with the nucleation-condensation mechanism
of folding [34,35] in which native structure condenses
around a nucleus of critical interactions in the rate-deter-
mining transition state. The kinetic behaviour of some of
the mutant proteins indicates that the intermediate is ‘off-
pathway’ (i.e., it must unfold in order to reach the rate-
determining transition state). The implications of the
results for domain-swapping of suc1 are discussed.
Results
The structure of suc1 and design of mutants
The cks protein suc1 is a 113-residue protein with an α+β
fold. The structure comprises a four-stranded β-sheet
capped at one end by three short α helices [4] (Figure 1a).
The structural elements are assigned as follows: residues
11–22, α helix 1; 25–33, β strand 1; 36–41, β strand 2; 45–49,
α helix 2; 67–73 α helix 3; 82–85, β strand 3; 94–101, β
strand 4 (Figure 1b). There are two long loops, between α2
and α3 (loop 1) and between α3 and β3 (loop 2). The size of
cks proteins varies between 79 and 145 residues; there is
very high sequence conservation within the family (50–80%
identity) with sequences inserted between secondary struc-
ture elements. The hinge region (residues 88–93) that
mediates the strand-exchange is located between β strands
3 and 4. The hinge-opening mechanism is conserved across
the family and the amino acid sequence in this region is also
conserved with only one variant residue. The longest helix
in suc1, α1, is part of a 20-residue insertion that is absent in
the homologues with the exception of cks1 from Saccha-
romyces cerevisiae. As a result of a proline at position 20, this
helix is kinked towards the C terminus. There is also a nine-
residue insertion of a long loop between α2 and α3 (loop 1).
The suc1 protein has an extensive hydrophobic core con-
sisting of residues L10, L18, I22, I25, Y27, V41, L43, M47,
L48, I51, F56, L63, L66, L74, I76, M84, L95 and F97
(Figure 1c). The centre of the core is formed by packing
of the sidechains of residues in the innerstrands of the
β sheet (V41, L43, L95 and F97); the edge of the core is
formed by packing of the sidechains of residues at the end
of the β sheet (I25, Y27), residues in the helices (L10, L18
and L22 in α1; M47 and L48 in α2) and residues in loop 1
that is absent in the other cks proteins (F56, L63) and
loop 2 (L74 and I76). There are six salt bridges: R8–E14,
R8–D54, E37–R99, R64–E70, E68–R72 and H88–E91.
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Figure 1
The structure of suc1. (a) Schematic
representation of the monomer and dimer
structures of suc1. The N and C termini are
labelled (b). Topology diagram illustrating the
secondary structure elements of suc1. (c) The
location of sidechains in the hydrophobic
core. The structure is colour ramped from the
N terminus (blue) to the C terminus (red). 
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There are two conserved surface features in the suc1
monomer, which are located on either side of the bottom
end of the β sheet (i.e., the opposite end to the helices)
that is highly solvated. One feature consists of large, aro-
matic and hydrophobic residues in the β hinge and at the
start of β4 and also residues H26, Y31, Y36, Y38, H40 and
Y85. Residues in the β hinge and β4 from this cluster
mediate cdk2 binding [7]. The cluster is buried in the
strand-exchanged dimer, and therefore it is likely that the
dimer is unable to bind cdk2. The second cluster is
located on the other side of the molecule. It consists of
mainly positively charged amino acids (R30, R39, S79,
W82 and R99) that could form a phosphate anion binding
site and thereby a possible interaction site for a phospho-
rylated protein. This cluster is located close to the cat-
alytic site of cdk2 in the cks–cdk2 complex. Further, it
was shown that the cyclosome, the multisubunit cellular
protein degradation machinery, requires cks protein for its
activation by cdk2–cyclin B [36]. Taken together, these
data have led to the hypothesis that the binding of cks
proteins to the cdk–cyclin B complex may modulate its
substrate recognition and thus control cyclin B degrada-
tion by the cyclosome. 
The crystal structure of wild-type suc1 was examined for
sidechain atoms that probe a particular structural interac-
tion. Three categories of mutation were constructed:
mutations of residues with sidechains that interact to form
the hydrophobic core; mutations at sites located on a
solvent-exposed face of an α helix where the sidechain
interacts only with other sidechains within the same helix
(such mutations report on helix integrity during the
folding reaction); and residues designed in a similar
manner to probe β-sheet formation. Tertiary electrostatic
interactions were probed using double-mutant cycles
[37,38]. ‘Non-disruptive’ mutations [10] were made that
delete only a small part of a sidechain, removing defined
interactions without introducing new ones so that the
gross structure is not perturbed. Only those mutations for
which the change in the free energy of unfolding upon
mutation was greater than 0.6 kcal mol–1 were used to
perform a φ value analysis, as a small change in free energy
of unfolding results in a large error in the φ value. At a
subset of sites, mutations were made to alanine and to
glycine and the alanine mutant was used as a pseudo-wild-
type, an approach known as ‘Ala→Gly scanning’ [39].
Ala→Gly is a benign mutation and this analysis can
provide a useful check at positions where there is the pos-
sibility of artifacts arising in the analysis if a large and/or
polar sidechain is mutated to the small, nonpolar alanine.
The double-mutant cycles provide a check of the results
for single mutations as they allow specific, pairwise inter-
actions to be probed, and the effect of surrounding
residues and solvent interactions tend to cancel. The posi-
tions that were mutated are listed in Table S1 (see Sup-
plementary material available with the internet version of
this paper) together with the interactions that the deleted
sidechain makes in the wild-type structure.
Equilibrium denaturation of suc1 mutants
The equilibrium data fitted well to a two-state equation
for all mutants. The values of m (a constant of proportion-
ality that is related to the change in solvent exposure of
hydrophobic sidechains upon folding), and the change in
the free energy of unfolding upon mutation (∆∆GU–F) are
listed in Table S2 (see Supplementary material). All
mutants exhibited values of m that were the same within
error as the value for wild type (with the exception of
L43A, discussed in the Materials and methods section),
indicating that the mutations do not significantly alter the
structure of the native or denatured states.
Unfolding kinetics
The values of mu, that is a measure of the difference in
solvent exposure of the native state and transition state, and
the rate constants of unfolding in water, kuH2O, obtained by
fitting the unfolding kinetics to Equation 2 (see Materials
and methods section) are listed in Table S2. The values of
mu for the mutants were similar to those of wild type, indi-
cating that the mutations do not cause a gross change in the
structure of the transition state. There is a correlation
between mu/m and ∆∆G‡–F (the change in the free energy of
the transition state [‡] relative to the native state [F] upon
mutation; data not shown). This indicates that there is a
small movement in the position of the transition state along
the reaction coordinate towards the native state as the
energy difference between the transition and native state is
reduced upon mutation (Hammond behaviour [40]). This is
consistent with the downward curvature that is observed in
the plots of lnkuH2O versus urea concentration that is also a
manifestation of Hammond behaviour. Movement in the
position of the transition state of protein folding, by muta-
genesis or by variation of the denaturation conditions of the
unfolding reaction, has been observed previously [41,42].
Refolding kinetics
The rate constants of refolding, measured directly in
buffer in the absence of denaturant, are listed in Table S2.
The logarithm of the refolding rate constant of some of
the mutants at low urea concentrations exhibits zero
dependence on denaturant concentration or a small, posi-
tive denaturant dependence (Figure 2). This means that
the intermediate is as compact or slightly more compact
than the transition state. Although it is possible that the
intermediate has to expand slightly to reach the transition
state, an alternative explanation is that the intermediate
lies off-pathway:
where I, U and F denote the intermediate, denatured and
native state, respectively.
FUI
slow
f
u
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 →
←
→
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k
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In this case, the intermediate has to unfold to proceed to
the native state. The two models fit the data equally well
for both wild-type and the mutants, and the stabilities and
m values of the intermediate and native states are the
same in the two models. The rate constants of refolding to
the native state for wild-type are different (kIN = 64 s–1 for
the on-pathway model or kDN = 365 s–1 for the off-pathway
model). Although the value of kDN is fast, it is within the
range observed for other small proteins.
Description of φ values
Hydrophobic core
The hydrophobic core is quite extensive and can be
divided into two parts, the first involving packing of
sidechains of residues in the centre of the β sheet, and the
second involving packing of residues in the helices and
long loop that caps the β sheet at one end (Figure 1c).
Three mutants were used as probes for the formation of
the first part of the core: V41A and L43A (β2) and L95A
(β4). The φ values for the transition state (φ‡) are between
0.4 and 0.7 for these mutants (Table S1). Eight were used
as probes for the formation of the second part of the core:
L10 and L18 in α1 which pack against the other helices;
L48A (α2), F56 and L63 (loop 1) which pack against each
other; I25 and Y27, at the edge of the sheet (β1), pack on
one side against V41 and L43 (β2) and against α2 and loop
2 on the other side; L74 in loop 2 which packs against α1
and loop 1. The φ‡ values are all low for these mutants
(0–0.3). The exception is L48A which exhibits negative φ‡
values in the intermediate and transition state. The nega-
tive φ‡ value indicates that the intermediate and transition
state are more destabilised by this mutation than the native
state, suggesting that this region of the core is more tightly
packed in these states than in the native state and thus the
core has to expand somewhat to form the native state.
β Sheet
To probe the integrity of the β sheet during the folding
reaction 18 residues were mutated: I25, Y27, S28, R30,
Y31 and A32 (β1), Y36, E37, Y38, R39, H40, V41 and L43
(β2), E83 and Y85 (β3), L95, K98, R99 and K101 (β4)
(Table S1). The sidechains of these residues interact pri-
marily with other β-sheet residues in the native state. I25,
Y27, V41 and L43 form part of the hydrophobic core and
are discussed later. Ala→Gly scanning was performed at
three positions, S28, E83 and Y85 (Table S1), and the
results are in good agreement with the other mutations.
The large number of sites probed in the β sheet show
clearly that the residues in the inner strand β4 and those
residues in inner strand β2 and outer strand β3 that inter-
act with β4 residues exhibit the highest φ values. Residues
in β4 itself have φ values of 0.35–0.6 in the intermediate
and 0.6–0.8 in the transition state, whereas those that
interact with β4 have φ values of 0.25–0.5 in the interme-
diate and 0.4–0.7 in the transition state. The mutant Y38A
exhibits φ values of slightly greater than unity in both the
intermediate and transition state. The sidechains of
residues in the outer strand β1 interact with other residues
in the same strand and with residues in β2, and exhibit
low φ values of 0–0.2 in the intermediate and 0–0.3 in the
transition state. Residues in β2 that do not interact with β4
sidechains also exhibit low φ values.
α Helices
The integrity of the α helices was probed at six positions on
their solvent-exposed faces at which the sidechains interact
only with other residues in the same helix: S13, E14 and
E16 (α1), K49 (α2), and E68 and R72 (α3). In addition,
mutation of Phe21 in α1 to leucine probes the formation of
α1 and the packing of α1 against α2. Ala→Gly scanning
was performed at three positions, E16, K49 and R72. The φ
values for the intermediate (φI) at positions 14, 16 and 21 in
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Figure 2
V-shaped plot of the major phases for refolding and unfolding of
(a) the wild type and (b) the V89A mutant protein.
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α1 are between 0.1 and 0.2 and the φ‡ values between 0.2
and 0.3, indicating that this helix is only weakly structured
in the intermediate and transition state. We obtain slightly
higher values of φI and φ‡ (0.15 and 0.35, respectively) for
Ala→Gly scanning at position 16 than for the mutation
E16G. The φI and φ‡ values for the mutant S13G are higher
than for the rest of α1 (0.4 and 0.5, respectively).
There is only one probe of α2 formation, position 49, at
which Ala→Gly scanning was performed. Two other posi-
tions, 45 and 46, were mutated but the change in free
energy was not large enough to accurately determine φ
values. The composite mutation A49G exhibits φI and φ‡
values of 0.4 and 0.5, respectively. One position was
probed in α3 using the mutation R72G and Ala→Gly
scanning. The φI and φ‡ values are both 0.4 for R72G and
–0.1 and –0.2, respectively, for the more reliable Ala→Gly
scanning — indicating that α3 is not structured in the
intermediate or transition state. 
Turns and loops
The β hinge that mediates strand-exchanged dimerisation
consists of the sequence HVPEPH (residues 88–93).
Mutation of these residues to alanine has very little effect
on the stability of the protein, therefore precluding an
extensive φ value analysis. The exceptions are H93A and
P90A. Mutation to glycine allowed two more sites to be
probed, Val 89 and Val87, the latter being located just
before the hinge itself; Ala→Gly scanning was also per-
formed at these positions. The φ‡ values for the hinge
residues were between 0.5 and 0.8.
The effects of mutation on residues F56 and L63, located
in the large insertion loop between α3 and α4 (loop 1),
and L74 in loop 2 are described in the section on the
hydrophobic core. R64 was mutated as part of a double-
mutant cycle and is described below.
Salt bridges
Several salt bridges were probed. The sidechains of R30
and R99 form part of the conserved positively charged
surface cluster. They are involved in a triangle of interac-
tions with E37. The two salt bridges R30–E37 and
E37–R99 were probed using double-mutant cycles, as was
the unfavourable interaction between R30 and R99. The
interaction energies were significant for the latter two but
very weak for R30–E37. Values of φI for E37–R99 were 0.9
for the intermediate and 0.8 for the transition state and 0.5
and 0.3, respectively, for R30–R99. The former salt bridge
involves residues in the central strands β2 and β4, and its
presence in the intermediate and transition state is consis-
tent with the high φ values obtained for the extensive set
of single point mutations in this region of the structure. 
The sidechains of R64 and E70 form a salt bridge
between loop 1 and α3. The values of φI are close to zero
in the intermediate and transition state indicating that
the interaction is not formed until after the transition
state for folding. 
The sidechain of R8 forms two surface salt bridges with E14
and D54, which are good probes of the formation of the top
of the suc1 tertiary structure and were analysed by double-
mutant cycles. The φI values for both are approximately 0.3
in the intermediate and 0.6 and 1, respectively, in the transi-
tion state indicating that the salt bridges are partly formed in
the intermediate and well formed in the transition state.
The φ values for the individual mutations are significantly
lower. The most likely explanation for the discrepancy is
that the sidechains make an interaction with a different
residue in the intermediate and transition state from the one
in the native state, or it is possible that there is some reor-
ganisation and/or change in solvation upon mutation.
Discussion
Interpretation of fractional φ values
Fractional φ values are generally more difficult to interpret
than φ values of 0 or 1. Firstly, they can arise from either
weakened interactions in a single species or from a mixture
of states, some with interactions fully formed and others
with interactions fully broken. A kinetic test that measures
Bronsted behaviour can be performed to distinguish these
possibilities [43]. A large number of mutants are needed in
a single element of structure that folds in a relatively con-
certed manner. According to Bronsted behaviour, if there
are simple relationships between the rate constants and
bond energy changes and all mutations probe the same
degree of structure formation, then the observed rate con-
stant for unfolding could follow the Bronsted equation:
lnku = lnku + βU∆∆GU–F/RT
where ku is the rate constant for unfolding of the parent
molecule and βU is a constant that is inversely related to
the degree of structure formation in the transition state. A
plot of lnku versus ∆∆GU–F/RT for the β sheet of suc1 fits a
Bronsted equation reasonably well with βU = 0.5 (correla-
tion coefficient of 0.8 for 29 points; Figure 3a). The range
of ∆∆GU–F is almost 5 kcal mol–1 and the rate constants vary
by a factor of 350. The plot is somewhat scattered, proba-
bly because some of the mutations are of polar residues
and also because the φ values vary across the β sheet.
However, there is no evidence of a change in slope as the
structure is progressively destabilised, as would be
expected for parallel pathways with very different transi-
tion states. The results indicate that the fractional φ values
obtained for suc1 reflect a narrow ensemble of closely
related transition state structures in which the interactions
are genuinely weakened. 
Fractional φ values may also arise because of artifacts
resulting from various reorganisation energies introduced
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by mutations that do not cancel out. However, by
analysing multiple mutations at the same site and by
probing a large number of sites in the same region of
structure it is possible to detect any artifacts and to obtain
a clear picture of the patterns of structure formation of the
protein during folding. Further, the use of double-mutant
cycles allows specific, pairwise interactions to be probed,
thus eliminating the possibility that the interaction(s)
made in the intermediate and transition states are differ-
ent from those in the native state. Various reorganisation
energies also tend to cancel out when this analysis is per-
formed. The φ values obtained for different sites in the
same region of structure and for Ala→Gly scanning give a
consistent picture of the folding behaviour. In addition,
the results from the double-mutant cycles for suc1 are
generally in agreement with the point mutations in the
same region of structure. We are confident, therefore, that
the results of the φ value analysis are not artefactual but
are a good probe for the energetics, and thus the structural
properties, of the intermediate and transition states for
folding of suc1.
Global features of the suc1 transition state 
The φ value analysis of suc1 folding indicates that the
majority of interactions are weakened in the transition
state for folding. A plot of lnku versus ∆∆GU–F/RT for all
mutations is approximately linear and gives a value of βU
of 0.7 for the transition state (correlation coefficient of 0.9
for 59 points; Figure 3b). This means that on average 70%
of the free energy of the interactions is lost on reaching
the transition state for unfolding from the native state. In
the simulations [33], a similar fraction (60%) of the non-
local contacts is broken in the transition state. The com-
pactness of the transition state relative to the native state
is 60% (in water), as measured by the ratio of the kinetic
and equilibrium unfolding m values, which is also in
agreement with the simulations. 
The nucleation-condensation mechanism of folding
The 64-residue α/β protein CI2 is a good example of a
single module of structure or ‘foldon’. Independent exper-
imental and theoretical studies of CI2 led to the proposal
of a nucleation-condensation mechanism of protein
folding [13,14,19,44]. According to this model, a critical
‘nucleus’ of local and nonlocal contacts is required to form
in the transition state to allow the polypeptide chain to
proceed to the native state. The nucleus also involves
residues around these key interactions that contribute, to a
lesser extent, to stabilising it, and is in the process of
being formed in the transition state so that nucleation and
condensation are coupled. A schematic representation of
the φ values in the intermediate and transition state for
folding of suc1 is shown in Figure 4. Figure 4c shows the φ
values versus sequence. The φ values in the transition
state are all fractional, indicating that structure formation
is quite concerted. However, certain regions exhibit con-
sistently higher φ values (0.5–0.9) than others, namely the
central strands β2 and β4 of the β sheet and the β hinge
(Figure 4b). Residues on the solvent-exposed face of the
sheet are involved in the folding nucleus as are residues
V41, L43 and L95, which, together with L97, are buried
and form the centre of the hydrophobic core. Thus, the
structure of the transition state is consistent with a nucle-
ation-condensation model of folding, with the folding
nucleus consisting of the central β strands. 
The results are in reasonable agreement with the simula-
tions [33] which show the same regions to be structured in
the transition state. A semi-quantitative structure index, S,
has been used in the simulations that reflects both the
94 Structure 2000, Vol 8 No 1
Figure 3
Plots of lnku versus ∆∆GU–F/RT. (a) Plot for mutation of residues in theβ sheet. (b) Plot for all mutations.
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backbone conformation and the tertiary packing of a
residue in the transition-state models [19]. S is calculated as
the product of these two components, each of which gener-
ally has a value between 0 and 1, indicating the extent of
native structure retained in the transition state. Figure 5b
shows the comparison of this parameter with the experi-
mentally determined φ values. The average S values of the
four simulations are plotted. With only four simulations
sampling is limited, but S values in good agreement with
experiment were obtained in the individual runs (the best
S values are also shown). Improved sampling would most
likely diminish the discrepancies that are observed and
move the average towards the best values. The agreement
is poor in β strand 4, but when the tertiary S values are used
the agreement is much better. The explanation for this is
that β4 is clearly in contact with β2 in the transition-state
models (see Figure 5 in [33]) but the backbone is twisted.
Therefore the secondary S values are low in this region,
making the overall S values low, but the interactions that
are made are strong, as reflected in the tertiary S values.
Also, α1 appears to be significantly more structured in the
transition-state models than compared with the experimen-
tal results (discussed below).
The folding of CI2 is highly concerted: there is no inter-
mediate, secondary and tertiary structure form concomi-
tantly and the nucleus consists of both types of interaction
[13,14]. The 110-residue protein barnase lies at another
extreme. Barnase has two subdomains, it folds via an inter-
mediate and the rate-determining step appears to be
docking of the well-structured subdomains. The behav-
iour of the 129-residue protein CheY lies between that of
CI2 and barnase: although it consists of two subdomains
they appear to be less stable independently than those of
barnase and therefore are not as well structured in the
transition state [30]. This gives rise to a more concerted
accretion of structure during folding, with nucleation and
docking being coupled. The protein suc1 is considerably
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Figure 4
Schematic representation of residue-specific
structure formation in (a) the intermediate and
(b) the transition state for folding of suc1. The
gradation of φ values are depicted from red
(indicating a φ value of 0) to blue (indicating a
φ value of 1). (c) Plot of φ values in the
intermediate (filled bars) and transition state
(open bars) versus sequence. The elements of
secondary structure are shown at the top of
the figure.
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Figure 5
Structure formation in the intermediate and
the transition state for folding. (a) Plot of φ
values in the intermediate state versus those
in the transition state. Comparison of data
from experiment and simulations for (b) the
transition state and (c) the intermediate,
showing experimental φ values (solid line),
S values averaged over the four simulations
(dotted line), best S values (dashed line), and
average tertiary S values (filled circles). The
elements of secondary structure are shown at
the top of the figure.
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larger than CI2; it has an α + β topology but cannot be
divided into subdomains. Like CI2, the majority of φ
values are fractional in the transition state, indicating that
formation of structure is highly concerted. The average
strength of interactions in the transition state is similar to
that in CI2. 
Structure formation in α1
The program AGADIR [45,46] predicts the intrinsic
helical propensity of amino acid sequences. The sequence
corresponding to α1 was predicted to have a significant
propensity of 15–20%, whereas the other helices had
much lower predicted propensities of less than 5%. If α1
does have some residual structure in the denatured state,
as predicted by AGADIR, then the low φ values obtained
for this part of the protein presumably indicate that α1 is
as structured in the intermediate and transition states as in
the denatured states, rather than indicating the absence of
structure. Consistent with this interpretation, the simula-
tions indicate that α1 retains structure in the denatured
state [33] (Figure 5c). Helix α1 is somewhat separate from
the rest of the structure in the native state, in that it makes
mainly local contacts and does not interact much with
residues distant in the sequence. The structure might not
be detectable by φ value analysis because of this auton-
omy and because the structure is retained in the dena-
tured state. A similar explanation was given for the
behaviour of α helix 2 in barnase [20].
Characteristics of the intermediate
For many years it was thought that a solution to the
Levinthal paradox [47] required the existence of partly
structured intermediates. However, when CI2 [48], and
subsequently a number of other proteins (for a review see
[49]), were shown to fold via two-state kinetics, it became
clear that intermediates are not obligatory for efficient
folding and may even slow down the reaction. An interme-
diate is populated during the refolding reaction of suc1.
The slope of the refolding arm of the V-shaped plot
observed for some of the mutants at low urea concentra-
tions (Figure 2b) suggests that the intermediate is as
compact, or slightly more compact, than the transition
state. This might indicate that the structure present in this
species must unfold in order for the native state to be
reached. Consistent with this, there are a number of sites
where the φ values are higher in the intermediate than in
the transition state. The φ values for the intermediate are
generally lower and more homogeneous than those for the
transition state (Figures 4a,5a). The φ values for pairwise
interactions, obtained from double-mutant cycles, agree
with the data for single mutants indicating that the inter-
actions in the intermediate are native-like. Thus, the
intermediate appears less specifically structured than the
transition state, the latter being constructed around a
cluster of tertiary interactions that are highly formed; this
could explain why the intermediate must unfold before
the transition state can be reached. Alternatively, if the
intermediate is on-pathway, some rearrangement accom-
panied by a slight expansion could be required to reach
the transition state. In either model, the intermediate is in
a rapid pre-equilibrium with the denatured state and its
non-specifically collapsed structure could be envisaged to
form as a consequence of transferring the protein from
highly denaturing conditions to highly native conditions.
These properties of the folding intermediate may reflect
the lack of stable subdomains in the structure of suc1.
The nature of the intermediate as inferred by experiment
is in good agreement with the simulations [33] (Figure 5c).
The intermediates and transition states in the simulations
have almost equal compactness, but the more native-like
nature of the transition state is reflected in the higher ratio
of nonlocal tertiary contacts to local contacts when com-
pared with the intermediates. The specific interactions
observed in the intermediate by experiment and simula-
tion also agree well, with the centre of the β sheet and the
hinge region being the most highly structured.
Implications for domain swapping in suc1
The domain-swapped part of suc1 is a single β strand that
cannot constitute an independently folded subdomain, in
contrast to many domain-swapped proteins that exchange
a whole subdomain of structure. It is unlikely, therefore,
that the two parts of suc1 can fold independently and then
assemble. The protein engineering analysis of the folding
pathway of the monomer confirms this: the exchanging
strand, β4, makes critical contacts with the rest of the
protein in the folding nucleus. Thus, folding and associa-
tion must be tightly coupled, with pairing of β2 and β4
occurring early in the folding pathway of the dimer. This
suggests that monomer and dimer interchange via an
unfolded state, a process that may be facilitated by acces-
sory proteins in vivo. 
Biological implications
The protein suc1 is a member of the cyclin-dependent
kinase subunit (cks) family of cell-cycle regulatory pro-
teins that oligomerise via domain swapping. Domain
swapping refers to the process by which one subunit of
a multisubunit protein breaks its non-covalent bonds
with other subunits and its place is taken by the same
subunit of an identical protein chain, resulting in an
intertwined dimer or higher order oligomer. The inter-
faces between subunits in the monomer and domain-
swapped oligomer are identical. To date, very few
domain-swapped proteins have been examined in a sys-
tematic way and therefore theoretical models of the
energetics and mechanisms of domain swapping remain
to be tested. The domain-swapped dimer of suc1 is
formed via interchange of the C-terminal β strand.
Monomer and dimer reveal different surfaces for molec-
ular recognition, suggesting that conversion between
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the two forms may modulate the protein’s function and
perform a regulatory role in the control of the cell cycle. 
Here, we have analysed the folding pathway of the
monomer at high resolution using the protein engineer-
ing approach. We have shown that the exchanging β
strand is part of the structure that forms early in folding,
known as the ‘folding nucleus’. Therefore, it cannot be
released from the protein prior to dimerisation, but
rather monomer→dimer conversion must require signifi-
cant unfolding. If this process occurs in vivo it would
most likely require the assistance of accessory proteins.
Materials and methods
High purity urea was obtained from Rose Chemicals Ltd. Oligonu-
cleotides were synthesised by VH Bio Ltd, UK. An Escherichia coli
expression vector for suc1 was a generous gift of J Hayles, ICRF,
London, UK. Mutagenesis was performed using the QuickChange site-
directed mutagenesis kit (Stratagene). DNA was sequenced by Oswel,
University of Southampton, UK, Cambridge Bioscience, Cambridge,
UK and the University of Cambridge, Department of Biochemistry,
Cambridge, UK. 
Mutant proteins were expressed and purified from the supernatant frac-
tion after sonication as described previously [9]. A number of mutants
were expressed in inclusion bodies, and the following purification pro-
tocol was then used. The pellet was resuspended in 7 M GdmCl and
dialysed at 4°C overnight versus 50 mM Tris buffer pH 7.5, 1 mM
EDTA. The sample was centrifuged at 18K for 30 min to remove insolu-
ble protein, and then purified further using two chromatography steps
as described previously [9]. The molecular weight of each mutant was
measured by mass spectrometry and was within error the same as the
calculated value. The buffer used for subsequent experiments was
50 mM Tris pH 7.5, 1 mM EDTA, unless stated otherwise. The dimer is
not formed at the protein concentrations used for the equilibrium and
kinetic folding experiments, and the protein is in the monomeric form.
EDTA was used in all buffers to prevent formation of zinc-mediated,
non-strand-exchanged dimers.
The following mutants were made but were not sufficiently destabilising
for φ value analysis: P7A, E19A, P20A, I22V, P29A, K45A, A46G,
S79A, H88A, H88G, E91A, E91G, P92A, P92G, I94V, L96A and
Q109A. The mutants D33A and Q78A could not be expressed at high
enough yield for complete analysis. 
Equilibrium denaturation of suc1 was monitored by fluorescence.
Aliquots (0.8 ml) of urea solutions were prepared by dispensing the
required volumes of buffer and a concentrated solution of urea in
buffer, using a Hamilton MicroLab M. Protein stock (100 µl) was added
to a concentration of 2 µM. The samples were incubated at 25°C for
1 h before measurement. The excitation wavelength was 280 nm and
the emission wavelength was 335 nm, at which the change in fluores-
cence signal upon unfolding was a maximum. The excitation and emis-
sion bandwidths were 5 nm. The cell was thermostatted at 25°C using
a waterbath. The data were fitted to a two-state transition as described
previously [50].
All mutants, except for L43A described below, exhibited m values that
were the same within error as the value for wild type, indicating that the
mutations do not significantly change the structure of the native or
denatured states. Therefore, the value of ∆∆GU–F<m>, the difference in
the free energy of unfolding between wild-type and mutant proteins at a
mean value of the midpoint of unfolding, [urea]50%, for the two proteins,
can be calculated from the equation: 
∆∆GU–F<m> = <m> ∆[urea]50% (1)
where <m> is the average value of m, obtained from measurements on
all the mutant proteins and repetitive runs on wild type (1.60 ± 0.01).
The use of a mean value of m allows calculation of the change in the
free energy of unfolding on mutation with a low standard error. 
L43A is very unstable and therefore the value of m(eq) cannot be
determined with accuracy. However, we have monitored unfolding
using differential scanning calorimetry (FR, JWHS, C Johnson, LRI and
LSI, unpublished observations) and the value of ∆∆GU–F that is
obtained by this method for L43A is the same as that calculated using
Equation 1. Therefore, we can assume that this mutant has a similar
value of m to that of wild type.
Kinetic experiments were performed using an Applied Photophysics flu-
orescence-detected stopped-flow instrument. Fluorescence was mea-
sured above 320 nm using a cut-off filter. Between three and five scans
were collected, at each denaturant concentration, and averaged. pH-
jump refolding experiments were performed as follows. The protein was
denatured in 30 mM HCl and refolding was initiated by rapid mixing
with renaturing buffer (100 mM Tris pH 8.1, 2 mM EDTA) to give a final
buffer of 50 mM Tris pH 7.5, 1 mM EDTA. Refolding was also mea-
sured in buffer containing different concentrations of urea. Kinetic
unfolding experiments were performed by mixing protein in 50 mM Tris
pH 7.5, 1 mM EDTA with five or ten volumes of concentrated urea solu-
tions containing the same buffer. The protein concentration after mixing
was 2 µM.
The refolding and unfolding kinetics of wild-type suc1 have been
described in detail previously [9]. The unfolding kinetics exhibit a slow
phase that accounts for ~95% of the amplitude, and a fast phase that
accounts for ~5% of the amplitude. The fast phase originates from a
minor, native-like species, and is absent when protein is pre-equili-
brated in low concentrations of denaturant. It is assumed that this
species does not affect the φ value analysis, within experimental error. 
The plots of the logarithm of the unfolding rate constant versus urea
concentrations, outside the transition region, displayed a slight down-
ward curvature. The data were therefore fitted to the following equation: 
(2)
where ku is the rate constant for unfolding at a denaturant concentra-
tion, D, kuH2O is the rate constant of unfolding in water, mu is the
slope and mu* is the second order term. The values of m* were aver-
aged over wild type and all the mutants, and the data for each mutant
were then refitted to Equation 1 using the average value of mu*
(–0.057 ± 0.003). 
The refolding kinetics are characterised by three phases. The fastest
phase has a rate constant of 65 s–1 for wild type and corresponds to
refolding of the major fraction of unfolded species that have all the
peptidyl-proline bonds in the native, trans conformations. The rate
constant at low urea concentrations deviates from that expected for a
two-state system, indicating the accumulation of an intermediate
(Figure 2a). The two slower refolding phases, with rate constants of
12 s–1 and 0.1 s–1, correspond to refolding of minor populations of
unfolded species that have at least one peptidyl-proline bond in a
non-native, cis conformation. Subsequent analysis refers to the
behaviour of the major, fast refolding phase. The amplitude of the
slower refolding phases relative to the fast refolding phase, is approx-
imately the same for all the mutants, and therefore discrepancies in
the free energies determined by equilibrium and kinetic measure-
ments cancel out when difference free energies upon mutation are
calculated. No protein concentration dependence of the rate con-
stants or relative amplitudes of the refolding phases was observed for
the wild-type protein in the range between 0.1 and 20 µM, as
described previously [9].
Kinetic modelling was performed as described [9,51].
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The protein engineering method
The change in free energy between the native and denatured states upon
mutation, ∆∆GU–F, is obtained by equilibrium denaturation. The change in
the free energy of the transition state relative to the native state upon
mutation, ∆∆G‡–F, is measured by kinetic unfolding experiments:
(3)
where kuH2Oand k′uH2O are the rate constants of unfolding of wild type
and the mutant, respectively, in the absence of denaturant. The ratio
between these two energies is defined as φU. The ratio of ∆∆GU–‡, the
change in the free energy of the transition state relative to the dena-
tured state upon mutation, and ∆∆GU–F is defined as φF: 
φF = 1–φU (4)
A φF value of 1 indicates that the structure of the transition state at the
site of mutation is the same as that of the native state, and a φF value of
0 indicates that the structure of the transition state at the site of muta-
tion is the same as that of the denatured state. 
The analysis can also be applied to the intermediate that is populated
upon refolding. The change in the free energy of the intermediate rela-
tive to the native state upon mutation, ∆∆GI–F, is measured by combin-
ing the rate constants of unfolding (ku) and refolding (kf):
(5)
The ratio of this energy to ∆∆GU–F gives φU for the intermediate. The
values of φF are referred to as φ in the results.
Supplementary material
Supplementary material including locations of the mutations, thermody-
namics and kinetic data for wild type and mutants, and the φ values is
available at http://current-biology.com/supmat/supmatin.htm.
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